frontal regions, respectively. Our findings suggest that executive dysfunction characteristic of 22q11DS is underscored by altered prefrontal cortical structure.
tionally, even those who do not meet full criteria for a clinical disorder exhibit dimensionally measured symptoms of impulsivity and inhibitory dyscontrol [12] [13] [14] . Although the precise mechanisms underlying the characteristic neurobehavioral manifestations of 22q11DS are not well understood, it is likely to result from reduced dosage of several genes involved in neurodevelopment within the 22q11.2 locus [15] .
EF is a theoretical construct encompassing a range of higher-order cognitive processes such as motivation, planning, working memory, attention, and response inhibition. EF deficits are characteristic of psychiatric disorders prevalent in 22q11DS, such as schizophrenia and ADHD [16, 17] . Notably, variability in EF has also been linked to allelic variation in genes known to play a role in dopaminergic metabolism and regulation [18, 19] . Given that patients with 22q11DS are hemizygous for catechol-O-methyltransferase (COMT), a gene involved in prefrontal dopamine metabolism [20] , and also have elevated rates of psychiatric conditions in which dopaminergic dysfunction is implicated [21, 22] , investigating dopamine-dependent frontally mediated neurocognitive functions and underlying brain structural alterations in this syndrome may provide valuable insights into gene-brainbehavior relationships. By utilizing a Research Domain Criteria Project (RDoC) approach to investigate endophenotypic differences in 22q11DS, we have the ability to cut across traditionally defined disorders and instead focus on dimensionally measured behavioral and neuroanatomic alterations that may underlie downstream psychiatric illnesses [23] .
Patients with 22q11DS show alterations in brain morphology across cortical and subcortical regions, with prefrontal regions relatively preserved [24, 25] . Specifically, relative to typically developing controls, 22q11DS patients show reduced cortical volume in occipitoparietal, temporal, and anterior cingulate cortices, and increases in cortical thickness in medial prefrontal regions as well as the insula [24, [26] [27] [28] . While total brain volume is typically smaller or not different from controls [25, 26, 28] , Jalbrzikowski et al. [24] found increased thickness of the bilateral medial orbitofrontal, middle, and inferior frontal cortices in youth with 22q11DS compared to controls. Mouse models of 22q11DS have shown altered neuronal frequency in layers II/III of the medial prefrontal cortex (PFC), a characteristic that relates directly to performance on tasks of EF [29] . The PFC, particularly the orbitofrontal region, is late to mature in healthy individuals, which is thought to be attributable to later synaptic pruning and/or myelination [30, 31] . Refinement of prefrontal neuronal connections may relate to increasing EF capacities in early adulthood [32] . Specifically, dorsolateral regions of the PFC are believed to be primarily implicated in attentional and working memory functions [33] , whereas ventromedial regions of the PFC are implicated in emotion regulation and impulse control [34] . Based on findings suggesting an abnormal trajectory of prefrontal cortical development in 22q11DS [35] [36] [37] , it is hypothesized that delayed prefrontal maturation in 22q11DS may be relevant to impairments in various aspects of EF in this population.
The Behavior Rating Inventory of Executive Function (BRIEF) is a widely used and reliable parent report measure of real-world EF for children and adolescents [38] . Elevated BRIEF scores have been observed in patients with 22q11DS, reflecting greater executive dysfunction [39] . This dysfunction was even more pronounced in patients with 22q11DS who met clinical criteria for a psychiatric diagnosis (ADHD, major depressive disorder, and/or phobia) [40, 41] .
Notably, neuroanatomic lesion studies have demonstrated a link between executive dysfunction, as assessed by the BRIEF, and prefrontal cortical pathology. In particular, Løvstad et al. [42] found that lesions of the orbitofrontal cortex (OFC) were associated with elevated BRIEF scores (indicating greater executive dysfunction), and Anderson et al. [43] found that participants with right PFC lesions in particular showed greater day-to-day executive dysfunction, as measured by the BRIEF, as compared to those with lesions in the left PFC and controls.
It should be noted that real-world EF refers to everyday behaviors that rely on aspects of EF (e.g. goal-directed behavior, attention, impulsivity, working memory) [38] . Laboratory tests that tap into real-world EF remain limited in emulating natural, real-world experiences. For example, laboratory-based measures typically require simple responses to a single event, whereas daily life requires much more complex multitasking, which involves setting a series of goals and subgoals, and making decisions about prioritization [44] ; thus, it is important to measure both aspects of EF.
The development of the frontal cortex in 22q11DS appears to be disrupted, based both on human studies and animal literature [29, 36] . It is therefore plausible that abnormal prefrontal maturation may be related to characteristic impairments in EF seen in this population [36] . In healthy youth, prefrontal regions are relatively late to mature in that they continue to thin into late adolescence/ early adulthood [30] ; this pattern of increased thinning over this developmental period is associated with healthy cognitive development, particularly in relation to EF [45] . Relatedly, youth with ADHD have delayed rates of cortical maturation, particularly in prefrontal regions [46] . Given evidence for similarly delayed maturation of prefrontal regions in 22q11DS, we anticipated that brain-behavior relationships observed in typically developing youth would be disrupted in those with the 22q11.2 deletion.
To our knowledge, no studies to date have examined the neuroanatomic substrates of laboratory and realworld executive dysfunction in 22q11DS, nor how these brain structure-function relationships differ from those observed in typically developing youth. Here, we compared the relationship between real-world EF, as measured by the BRIEF, with structural neuroanatomic variation in patients with 22q11DS and demographically comparable healthy controls. We hypothesized that patients with 22q11DS would show an altered relationship between EF and cortical thickness, particularly in prefrontal regions implicated in EF. In order to dissect the relationship between multiply determined real-world EF and prefrontal neuroanatomy, we then investigated neurocognitive measures related to two major subcomponents of EF (behavioral regulation and metacognition), and how they may differentially relate to neuroanatomy in patients with 22q11DS and controls. We anticipated that impulsivity functions related to the behavioral regulation aspects of EF would be preferentially related to ventral and medial prefrontal regions [47] , whereas attentional functions related to metacognition aspects of EF would be preferentially related to dorsal and lateral regions of the PFC [48] . Moreover, we anticipated that these relationships would be altered in patients with 22q11DS relative to typically developing controls, given their known deficits in EF and hypothesized delayed neuromaturational trajectory in the PFC.
Methods and Materials
Participants Eighty-six participants, aged 6-17 years, participated in the study: 43 with a molecularly confirmed diagnosis of 22q11.2 deletion syndrome, and 43 typically developing controls ( table 1 ). We recruited patients with molecularly confirmed 22q11.2 deletions from two sources: (1) the population of patients followed by the UCLA and Children's Hospital, Los Angeles (CHLA) Pediatric Genetics, Allergy/Immunology and Craniofacial Clinics, and (2) local support groups (e.g. Velocardiofacial Education Foundation, 22q and You Support Network). Demographically comparable typically developing comparison subjects were recruited from the same communities as patients with 22q11DS, and were tested concurrently. This was accomplished by web-based advertisements about the research study, and by posting flyers and brochures at local schools, pediatric clinics, and other community sites. Exclusion criteria for all participants included: substance or alcohol abuse and/or dependence in the last 6 months and/or insufficient (4), anxiety disorder only (5), ADHD + ASD (3), ADHD + anxiety disorder (3), psychotic disorder + anxiety disorder (1), ASD + anxiety disorder (6), ADHD + ASD + anxiety disorder (6) . c Assessed via the Structured Interview for Prodromal Syndromes (SIPS); interview conducted on youth aged 10 years and up. d None/antipsychotic/antidepressant. fluency in English. In addition, controls could not meet criteria for any major mental disorder, with the exception of ADHD or a single past episode of depression. Controls were also excluded if they had a neurological disorder, substance abuse/dependence, intellectual disability, and/or history of head injury with loss of consciousness. This information was collected through administration of the Structured Clinical Interview for DSM-IV Axis I Disorders, with an additional developmental disorders module [49] . All interviews were conducted by psychology PhD candidates who had undergone extensive training and reliability procedures under the supervision of the senior author (C.E.B.), as described in detail elsewhere [24, 50, 51] .
All participants underwent verbal and written consent after study procedures were fully explained, and their parents or guardians also completed written consent. The UCLA Institutional Review Board approved all study procedures and informed consent documents.
BRIEF Assessment
The BRIEF is a well-validated 86-item parent report questionnaire for children aged 5-17 years, which assesses real-world EF in the home and school environment [38] . Information is ascertained regarding how well a child is able to regulate his/her behavior, inhibit impulses, initiate projects, etc.; higher scores represent greater dysfunction. The Inhibit, Shift, and Emotional Control subscales sum to form the Behavioral Regulation Index, whereas the Initiate, Working Memory, Plan/Organize, Organization of Materials, and Monitor subscales sum to form the Metacognition Index. These indices comprise the Global Executive Composite (GEC; fig. 1 
a).

Laboratory-Based Measures of EF
The Continuous Performance Test-Identical Pairs (CPT-IP) [52] and Time Reproduction Task (TRT) by Barkley were employed as laboratory-based measures of subcomponents of EF. Both tasks were run on laptop computers in a quiet testing room. The CPT-IP is a well-validated measure of sustained attention and working memory, in which sequential numeric stimuli are rapidly presented, and participants respond when two identical stimuli are presented in sequence. There are 450 total trials with varying numbers of digits. In target trials (20% total trials), two identical successive stimuli are shown; in catch trials (20% total trials), two similar successive stimuli are shown, and the other 60% of trials are random. We analyzed d-prime as our primary dependent variable, which is computed via the proportion of key presses on target trials to catch trials. Poor performance on this task has been shown to predict later development of psychotic spectrum disorder in at-risk individuals [53] , and is a marker of genetic susceptibility to psychosis [54] . In patients with schizophrenia, impaired performance on this task is associated with structural and functional alterations in the medial PFC, inferior frontal gyrus (IFG), anterior cingulate cortex, postcentral gyrus, and thalamus [55] [56] [57] . CPT impairment is also a hallmark symptom of ADHD [58] , and children with ADHD have shown abnormal prefrontal neural activity during performance of this task [59] . Because the CPT-IP was added to our battery at a later date, and is not validated in children under 10, the sample size is reduced for this measure.
The TRT is a well-established measure of one's ability to accurately reproduce a time interval in which two light bulbs appear simultaneously on the screen. The light bulb on the left is illuminated on for 4, 8, 12, 16, or 20 s, and then turned off. The subject is asked to reproduce that time with the light bulb on the right, by holding down the space bar for the same amount of time. Our primary dependent variable for the task is average absolute accuracy across all trial types. Interval timing, which occurs on the order of seconds to minutes, has been shown to depend on dopaminergic function [60, 61] ; thus, deficits in this domain may be an important intermediate phenotype for development of psychiatric disorders in which dopaminergic dysfunction is implicated [62] . Functional neuroimaging studies, as well as studies in animal models, have shown that interval time reproduction relies on frontostriatal-cerebellar neural circuitry [61, [63] [64] [65] . 
MRI Data Acquisition
MRI Analysis
The FreeSurfer image analysis suite (version 5.0, http://surfer. nmr.mgh.harvard.edu) surface-based processing pipeline was used to derive measures of cortical thickness. FreeSurfer is a wellvalidated processing protocol that has been previously described in detail [66, 67] . In short, the following steps were taken in the processing stream: motion correction, transformation of images to standard Talairach space, intensity normalization, removal of non-brain tissue, segmentation of white matter and subcortical structures, and final segmentation of cortical surfaces. Final segmentation is based on both a subject-independent probabilistic atlas and subject-specific measured values. Raters (R.K.J., M.J., A.P.) blind to diagnosis visually inspected the scans at several points along the processing pipeline, and any errors were manually edited (see online suppl. information). We focused on cortical thickness as our primary neuroanatomic measure of interest due to the close link between changes in cortical thickness and cognitive development [68] .
Statistical Analyses
Analyses of demographic and behavioral data were performed in SPSS software v21 (Chicago, Ill., USA). We conducted independent samples t tests for continuous variables and χ 2 tests for categorical variables.
For the analyses of behavioral measures, we conducted univariate ANCOVAs in SPSS with each behavioral measure as the dependent variable, diagnosis as the between-group factor, and age and gender as covariates. In secondary analyses, we additionally covaried for IQ in order to determine whether global cognitive abilities accounted for differences in EF task performance.
For the whole-brain vertex-wise neuroanatomic analysis, all statistics were performed in FreeSurfer. A vertex refers to the spatial point of measurement resolution on the cortical surfaces derived in FreeSurfer. For each vertex, thickness measurements for each subject were mapped onto a common spherical coordinate system, and smoothed using a Gaussian kernel of 10 mm. In order to determine whether the relationship between regional cortical thickness and behavioral and neurocognitive measures differed between patients with 22q11DS and controls, we conducted wholebrain general linear model (GLM) analyses to test for measure by group interactions at each vertex across the whole brain. In all analyses, we covaried for age and scanner location. For each analysis, we first investigated the main effect of gender, and if no main effect was found, it was not included in the final models. To control for multiple comparisons, cluster correction was completed using Monte Carlo simulation with 10,000 iterations (vertex-wise threshold of p < 0.05), in order to determine the distribution of maximum cluster size under the null hypothesis, as described in Hagler et al. [69] . Right and left hemispheres were tested separately. We then conducted secondary analyses, which included adding IQ as a covariate into our models, and also investigated the main effect of psychiatric diagnoses (ADHD, anxiety disorder, and ASD) in three separate models so that we could investigate the main effects of each diagnosis separately.
Results
As shown in table 1 , patients with 22q11DS and controls were well matched in terms of age, gender, ethnicity, and education. As expected, participants with 22q11DS had decreased IQ relative to controls. Further, patients with 22q11DS had elevated rates of neuropsychiatric disorders, consistent with rates observed in the literature [7] .
We compared global measures of structural neuroanatomy in patients with 22q11DS and controls, and found no differences in intracranial volume or overall cortical thickness (online suppl. table 3). Finally, for all of the analyses described below, there was not a significant main effect of gender, and thus gender was not included as a covariate (online suppl. fig. 1 ).
BRIEF Results
Behavioral
Results of group comparisons on the BRIEF are provided in figure 1 b. Patients with 22q11DS showed significantly elevated scores on each subscale, all of which survived Bonferroni correction for multiple comparisons (p < 0.001). In order to minimize the number of comparisons in our neuroanatomic analyses, we used the GEC score as the primary dependent measure.
Relationship with Cortical Thickness Whole-brain vertex-wise analysis revealed a significant BRIEF by group interaction cluster in the right OFC (p < 0.05, Monte Carlo correction; fig. 2 ), which survived correction for multiple comparisons. In this region, increased cortical thickness was associated with more severe executive dysfunction in patients with 22q11DS, whereas greater cortical thickness was associated with better EF in controls. We report the individual group correlations between thickness and BRIEF scores in online supplementary table 4.
CPT Results
Behavioral On the CPT-IP, patients with 22q11DS had significantly lower d-prime scores (p < 0.001) than controls, indicating a higher proportion of hits on catch trials to hits on target trials, as well as a higher false alarm rate (p = 0.022; online suppl. table 1).
Relationship with Cortical Thickness
We found two significant CPT-IP by group clusters that survived correction for multiple comparisons, in the right pars orbitalis of the IFG and the superior temporal gyrus (p < 0.05, Monte Carlo correction; fig. 3 a) . In these regions, increased thickness was associated with better CPT-IP performance in patients with 22q11DS, whereas increased thickness was associated with worse performance in controls (p < 0.05). Given our focus on prefrontal cognitive functions, follow-up analyses focus on the larger cluster in the pars orbitalis.
TRT Results
Behavioral
Patients with 22q11DS showed significantly reduced consistency of responses on the TRT relative to controls (p = 0.025), as well as a trend toward reduced accuracy (p = 0.065; online suppl. table 2).
Relationship with Cortical Thickness
We performed the same whole-brain GLM interaction analysis as described above in order to determine Relationship between BRIEF GEC score and cortical thickness in patients with 22q11DS vs. controls. Analysis was conducted using an unbiased, whole-brain approach. There was a significant interaction between group and BRIEF GEC score in the right OFC (cluster size 65,020.8 mm 2 ; p < 0.05, corrected), indicating that increased cortical thickness in the right OFC was associated with more severe realworld executive dysfunction (higher BRIEF score) in patients with 22q11DS, whereas thicker OFC was associated with better EF (lower BRIEF score) in controls. The left panel shows the location of the cluster, and the right panel displays the relationship between mean thickness of the cluster and BRIEF scores in patients with 22q11DS and controls. whether the relationship between performance on the TRT and cortical thickness differs between patients with 22q11DS and controls. We found a significant cluster that survived correction for multiple comparisons in the right precentral gyrus (p < 0.05, Monte Carlo correction; fig. 3 b) . In this region, increased thickness was associated with better time reproduction performance in patients with 22q11DS, whereas increased thickness was associated with worse performance in controls.
Secondary Analyses: IQ and Psychiatric Disorder
Including IQ as a covariate, in addition to age, group differences on the BRIEF GEC and CPT-IP remained significant (p < 0.001, p = 0.014, respectively), whereas the trend-level group difference for TRT accuracy was no longer present.
Due to the high prevalence of psychiatric illness in 22q11DS, we investigated effects of ADHD, anxiety disorder, and ASD, and did not find a significant effect of any of these diagnoses in our analyses.
Discussion
Here, we assessed brain-behavior relationships in patients with 22q11.2 deletion syndrome, a recurrent copy number variant associated with dysfunction in frontally mediated cognitive functions [4] , dopaminergic dysregulation [70] , and high rates of developmental neuropsychiatric disorders associated with executive dysfunction [7] . We found that patients with 22q11DS have significant executive dysfunction, as measured both by realworld behaviors and neurocognitive probes of distinct a b Fig. 3 . a Relationship between performance on the CPT-IP and cortical thickness in patients with 22q11DS vs. controls. Whole-brain vertex-wise analysis revealed a significant group by task interaction in the right pars orbitalis region of the IFG (cluster size 919.46 mm 2 , p < 0.05, corrected), indicating that the relationship between CPT-IP performance, as assessed by d-prime, and thickness in this region differs between patients with 22q11DS and controls. In patients with 22q11DS, increased cortical thickness in the IFG was associated with higher d-prime scores, whereas in controls, increased cortical thickness in this region was associated with lower d-prime scores. b Relationship between performance on the TRT and cortical thickness in patients with 22q11DS vs. controls. Whole-brain vertex-wise analyses revealed a significant group by task interaction in the right precentral gyrus (cluster size 1,434.62 mm 2 , p < 0.05, corrected), indicating that the relationship between TRT and thickness in this region significantly differs between patients with 22q11DS and controls. In patients with 22q11DS, increased cortical thickness in the precentral gyrus was associated with higher accuracy scores, whereas in controls, increased cortical thickness in this region was associated with lower accuracy scores.
subcomponents of EF, and that altered prefrontal neuroanatomic structure appears to underlie these deficits. Notably, in a mouse model of 22q11DS, altered projection neuron frequency in layers II/III of the medial frontal cortex was observed, the severity of which predicted performance on a task of EF involving reversal learning [29] .
Real-World EF
We found that patients with 22q11DS show deficits on multiple indices of real-world EF, as measured by the BRIEF, and these appear to be underscored by abnormal prefrontal neuroanatomy. The GEC score, which is comprised of both behavioral regulation and metacognition subscales, was significantly elevated in patients with 22q11DS relative to typically developing controls. Using an unbiased, whole-brain approach, we found that the relationship between GEC scores and cortical thickness uniquely differed between patients with 22q11DS and controls in the right OFC: in controls, increased right OFC thickness was associated with better EF, while in patients the opposite relationship was observed, adjusting for the effects of age. Notably, this finding is consistent with prior literature that found a relationship between right hemisphere OFC lesions and real-world EF, as measured by the BRIEF [42, 43] . The OFC is critical for the formation of reward representation and decisionmaking [71, 72] , and is also involved in responding appropriately to social cues [73] . A recent structural MRI study found that OFC volume was correlated with one's tendency to conform to others' values [72] . The OFC is relatively late to mature in typically developing adolescents [30] . This maturational process may be altered in patients with 22q11DS [24, 36] , a possibility which warrants further investigation in prospective longitudinal studies.
Cognitive Tasks of EF
In order to deconstruct these broad deficits in behavioral manifestations of EF, we took a targeted approach to examine how performance on specific cognitive tasks tapping different subcomponents of EF relates to structural neuroanatomy in patients with 22q11DS relative to controls. Specifically, we were interested in how tasks indexing behavioral regulation and metacognition aspects of EF may differentially relate to subregions of the PFC between patients with 22q11DS and controls.
We investigated the CPT-IP as a measure of behavioral regulation and found that patients with 22q11DS had higher levels of impulsive responding, as indicated by increased false alarm rates and lower d-prime scores. Task performance was differentially related to cortical thickness in the right pars orbitalis of the IFG, such that increased thickness in controls was associated with worse performance, whereas increased thickness in patients with 22q11DS was associated with better CPT-IP performance. The IFG, particularly in the right hemisphere, has been implicated in impulsivity, in both lesion and functional neuroimaging studies [74] . Our finding is consistent with a study of patients with idiopathic schizophrenia that found a positive relationship between CPT-IP performance and IFG gray matter density in patients, but not in controls [55] . This result is also in line with a study of healthy children and adolescents that found an association between performance on a task of EF (Keep Track task) and thinner cortex in frontal regions, including the IFG [75] .
Next, as a putative measure of metacognition (which is comprised of attention and working memory [38, 76] ), we used the TRT to investigate accuracy in the reproduction of time intervals. We found that controls tended to be more accurate in time reproduction, and that this measure was differentially related to thickness of the right precentral gyrus; specifically, in controls increased thickness was associated with reduced accuracy, whereas in patients with 22q11DS, increased thickness in this region was associated with better accuracy on the TRT. Interestingly, neural activity in the precentral gyrus has been linked to performance on attentional measures [77] , and thinning of the precentral gyrus has been associated with poorer outcome in children with idiopathic ADHD [78] , indicating that the attentional aspect of time reproduction may be driving the observed relationship.
Taken together, the cluster differentially associated with CPT-IP in patients with 22q11DS was located in a more ventral region of the PFC, whereas the cluster associated with TRT was located in a more dorsal and lateral region, suggesting that altered brain structure-function relationships in distinct regions of PFC may underlie deficits in task performance in metacognitive versus behavioral regulation aspects of EF in 22q11DS.
22q11DS presents an ideal context for a translational RDoC-based approach, given its well-characterized, homogeneous genetic etiology and phenotypic expression of neuropsychiatric symptoms that cut across multiple DSM categories [12, 79] . Multilevel investigation of dimensionally measured traits relevant to EF deficits may better elucidate the pathophysiological mechanisms that underlie psychiatric phenotypes. 
Altered Brain Structure -EF Relationships in 22q11DS
Prior neuroanatomic studies in 22q11DS have focused primarily on volume of cortical structures, but recent investigations have decomposed these differences into measures of cortical thickness and surface area, which are thought to be reliant on different genetic mechanisms and reflect distinct cortical characteristics [24, 80, 81] . Here, we focused on cortical thickness given prior studies indicating that it has a stronger relationship with global cognitive performance, relative to surface area measures [68] .
Interestingly, all of the clusters in which we found an altered relationship between brain structure and EF performance in 22q11DS were located in the right hemisphere, suggesting there may be a differential hemispheric specialization of EF in 22q11DS. Of note, previous studies have found that lesions of the PFC in otherwise healthy individuals are related to EF, even more so in the right hemisphere than the left [43] . Children with rightsided prefrontal lesions have been shown to have worse performance than those with left prefrontal insults of similar severity on measures of EF and attention [82, 83] , suggesting that the right PFC may play an essential role in the development of basic attentional skills. Anderson et al. [43] have hypothesized that the right PFC may be particularly involved in mediating EFs during childhood development, whereas the left hemisphere is differentially involved in language tasks.
Additionally, a previous study on a partially overlapping sample found that prefrontal cortical thickness in the medial PFC, IFG, and middle frontal gyrus is increased in patients with 22q11DS relative to controls, and that this effect was stronger in the right hemisphere than the left [24] . This same study found that thickness of the right medial OFC was associated with psychotic symptoms in patients with 22q11DS, further supporting the functional role of this region in the neurobehavioral presentation of this syndrome.
It has been hypothesized that reduced dosage of 22q11.2 genes may compromise projection neuron integrity (layers II/III), specifically in frontal association cortices [29] . The precise mechanism is not fully understood, but it is plausible that abnormalities in cortical thickness may result from reduced dosage of genes involved in cortical development. These differences in cortical thickness between 22q11DS patients and controls are likely to play a role in the executive dysfunction characteristic of the disorder [84] . The relationship between cortical thickness and cognition in healthy individuals is complex, and a relatively thinner cortex may have different consequences, depending on the developmental context [45, 72, 78, 85] . Findings in healthy individuals are sometimes contradictory, depending on age range and function investigated, but there is some evidence that thicker PFC is associated with better EF. In the case of real-word EF, a thicker cortex is advantageous for healthy individuals, and the opposite is seen in patients with 22q11DS. Thus, while the precise mechanisms underlying the altered relationships between cortical thickness and various components of executive cognition in 22q11DS are not yet known, we can speculate that they are related to abnormal development of the PFC.
It was particularly surprising that relationships with cortical thickness were in opposite directions for parent-reported versus performance-based assessments of EF. In particular, while we found that thinner OFC was associated with better real-world EF in patients with 22q11DS, the opposite pattern was found for the relationship with performance-based cognitive measures. This implies that various subregions of the PFC may play different roles in EF in patients with 22q11DS and controls, and that real-world and cognitive aspects of EF may be related to distinct neuroanatomic intermediate phenotypes. Given the variability in findings of associations between cortical thickness and EF across ages and specific domains, this inconsistency warrants further investigation in a larger, prospectively followed sample.
Study Limitations
Several limitations of this study should be noted. First, not all participants received all three measures of EF. Second, given the cross-sectional nature of the data, questions about distinct developmental trajectories of EF processes in 22q11DS could not be addressed. Prospective longitudinal studies are now underway in order to examine trajectories of both behavioral and neuroanatomic changes.
We investigated the effects of three major psychiatric diagnoses in 22q11DS: ADHD, anxiety disorder, and ASD. Given the relatively young sample included in the current study (age 6-18 years), only 1 of our patients had a psychotic disorder diagnosis at the time of assessment. While it is not yet known whether additional subjects in this cohort will develop a psychotic disorder, we are continuing to follow this cohort longitudinally; as such, baseline differences that are associated with subsequent development of psychotic illness can be investigated in future studies.
Future Directions
The genetic basis of these findings is unknown. In particular, given the role of dopamine in prefrontal 'tuning' [86] , future studies should further explore the role of dopaminergic dysregulation in 22q11DS and how it may relate to these behavioral and neuroanatomic findings. It is widely theorized that the relationship between dopamine levels in the brain and PFC functioning follows an 'inverted-U' pattern such that levels that are too low or too high are maladaptive [87, 88] . Investigating how genetic variation and resulting changes in gene expression may contribute to individual differences in brain structure, function, and downstream behavior in both patients with 22q11.2 deletions and animal models will help elucidate the neurobiological mechanisms relevant to behavioral pathology in 22q11DS and the broader population.
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